The effects of NusA on the RNA polymerase contacts made by nucleotides at internal positions in the nascent RNA in Escherichia coli transcription complexes were analyzed by using the photocrosslinking nucleotide analog 5- [(4-azidophenacyl) thiol-UMP. It was placed at nucleotides between +6 and +15 in RNA transcribed from the phage APR' promoter. Crosslinks of analog in these positions in RNAs which contained either 15, 28, 29, or 49 nt were examined. Contacts between the nascent RNA and proteins in the transcription complex were analyzed as the RNA was elongated, by placing the crosslinker nearest the 5' end of the RNA 10, 23, 24, or 44 nt away from the 3' end. The 13 or 13' subunit of polymerase, and NusA when added, were contacted by RNA from 15 to 49 nt long. When the upstream crosslinker was 24 nt from the 3" end of the RNA (29-nt RNA), a was also contacted in the absence of NusA. The addition of NusA prevented RNA crosslinking to a. When the crosslinker was 44 nt from the 3' end (49-nt RNA), a crosslinks were still observed, but crosslinks to 13 or 13' and NusA were greatly diminished. RNA crosslinking to a, and loss of this crosslink when NusA was added, was observed in the presence of NusB, NusE, and NusG and when transcription was carried out in the presence of an E. coli S100 cell extract. Peptide mapping localized the RNA interactions to the C-terminal domain of a.
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RNA polymerase holoenzyme from Escherichia coli contains four subunits with stoichiometry f3f3'a2of. After initiation of transcription, a is released, and the elongation factor NusA can bind to polymerase to modulate elongation (1). Other factors, including NusE and NusG, can interact with the polymerase directly (reviewed in ref.
2), and NusB can interact indirectly through NusE (3). Analysis of protein-nucleic acid interactions in E. coli transcription complexes has produced several models for the structures of elongation complexes (reviewed in refs. [4] [5] [6] . We have analyzed the contacts made by the nascent RNA by incorporating photocrosslinking ribonucleotide analogs into ternary transcription complexes, and RNA crosslinks have been localized to ,B and /3' (7) (8) (9) (10) and to NusA (11) . No interactions between the a subunit and the RNA were observed.
Specific interactions between the a subunit and proteins or the DNA in initiation complexes at some promoters are required for activation of these promoters (reviewed in refs. [12] [13] [14] [15] [16] . We report here that a also interacts with the nascent RNA in elongation complexes, and we show that NusA binding alters a-RNA interactions in such a way that a-RNA crosslinks are no longer observed. These experiments involved placement of the photocrosslinking nucleotide analog 5-[(4-azidophenacyl) thiol uridine 5'-monophosphate (5-APAS-UMP) (7, (17) (18) (19) at internal positions in the RNA during
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. 5012 transcription from the A PR' promoter. Once incorporated at nucleotides between +6 and + 15 in the transcript, the crosslinkers were moved away from the 3' end of the RNA by forming RNA 15, 28, 29, or 49 nt long. RNA crosslinks to the individual polymerase subunits and NusA were examined.
MATERIALS AND METHODS

Immobilized Transcription Complexes Containing Analog
in the First 15 nt of RNA. All experiments utilized DNA containing the APR' promoter, and after transcription complex formation, samples were irradiated and analyzed as described (11) . 5'-Biotinylated DNA fragment was attached to streptavidin-MagneSphere paramagnetic particles (40 ,g; Promega). ApApC (150 , uM) and 50 nM RNA polymerase were added and incubated at 37°C for 2 min. Then 40 ,uM ATP, 5 ,uM UTP, 150 ,uM 5-APAS-UTP, and 5 ,uM [a-32P]GTP were added and the reaction was incubated at 37°C for 5 min to form analogtagged RNA that was 15 nt long (Fig. 1) . The beads were washed and the 15-nt RNA was elongated to 28 nt by addition of 100 ,uM CTP, GTP, and UTP or to 29 by addition of 100 ,uM CTP, GTP, UTP and 3'-OMe-ATP, followed by incubation at 37°C for 15 min. The reaction mixture was divided and aliquots were incubated at 37°C for 2 min with or without NusA (200 nM).
RNA 49 nt Long with Analog and Radioactive Label Only in the First 15 nt. Complexes containing 15-nt RNA were prepared as described above, except that the DNA contained an EcoRI site at +63 relative to the PR' transcription initiation site. Glnlll [an EcoRI restriction endonuclease with a glutamine substitution at residue 111 (20), provided by Paul Modrich, Duke University] was added so that the molar ratio of Glnlll to DNA was 4:1. The mixture was incubated at 37°C for 40 min. ATP, CTP, GTP, and UTP (100 ,uM each) were added and the reaction was incubated at 37°C for 10 min. The reaction mixture was divided and aliquots were incubated at 37°C for 2 min with or without NusA (200 nM).
Crosslinking of RNA in the Presence of Nus Factors or S100 Cell Extract Proteins. DNA (5 nM) was incubated with Glnl 11 (20 nM) and then ATP and CTP (100 ,uM each), [a-32P]GTP (100 ,.M), UTP (5 ,.M), and 5-APAS-UTP (150 ,uM) were added. This produced 49-mer RNA with analog and radioactive label throughout. The reaction mixture was incubated at 37°C for 10 min and divided into three aliquots, which were incubated at 37°C for 2 min without NusA, with 200 nM NusA, or with 200 nM NusA and 1 ,uM NusB, NusE, and NusG. Transcription complexes containing several lengths of RNA, including the 194-nt released RNA formed by transcription to the tR' terminator, were prepared by incubation of 25 nM Abbreviations: NTDa and CTDa, N-and C-terminal ,ul of S100 cell extract (12 ,ug of protein) was added for 2 min at 37°C. All reaction mixtures were irradiated and treated with ribonuclease Ti, as described (11 [5] [6] [7] [8] . Crosslinking to NusA was not accompanied by an equivalent decrease in labeling of 13 or 13', and no crosslinks to a were observed. Movement of the crosslinker by only one additional nucleotide, to 24 nt from the 3' end of the RNA, resulted in crosslinking to a (Fig. 1C, lane 11) . When NusA was added, crosslinking to a almost disappeared, whereas significant crosslinking to NusA was observed (Fig. 1C, lane 12) . Further movement of the upstream crosslinker to 44 nt from the 3' end of the RNA again resulted in crosslinking to 03 and/or 13' and a (Fig. 1C , lane 15), although labeling of 13 and/or 13' was significantly less than with the 28-and 29-mers. Addition of NusA again virtually eliminated the a-RNA crosslinks (Fig. 1C, lane 16) . When the 49-mer was labeled throughout with analog, crosslinkers were located at nine positions in the region of the RNA 25-44 nt from the 3' end. In this case, a was heavily labeled, and NusA eliminated the a-RNA crosslinks (Fig. 1C , lanes [17] [18] [19] [20] .
Crosslinks to a and NusA in the Presence of other Nus Factors and S100 Cell Extract Proteins. Complexes were prepared which contained either the 49-nt RNA or several RNAs of lengths up to 194 nt. When multiple lengths of RNA were present, only 13 and/or 1' and a were crosslinked to the RNA in the absence of NusA (Fig. 2, lane 3 Mapping of the domain on a which crosslinks to RNA. The a subunit was crosslinked to the 49-nt RNA and the complex was digested with ribonuclease Ti. A portion of the reaction mixture was run in a denaturing gel, and the labeled a subunit was excised from the gel. After treatment of the gel piece with hydroxylamine, it was again analyzed on a denaturing gel (lane 2), adjacent to an aliquot of the untreated reaction mixture (lane 1). The proteins were transferred to nitrocellulose, and the membrane was silver-stained and then exposed to x-ray film. Only CTDa (14 kDa) was radioactively labeled (lane 2).
The position of the NTDa (23 kDa On the template used in these studies, contacts with the a subunit did not begin until crosslinker was 24 nt from the 3' end of the RNA (Fig. 1) . Contacts with a were still observed when the crosslinker was 44 nt from the 3' end, at which point crosslinks to the 13 and/or 13' subunits had greatly diminished. The crosslinking pattern was identical for the 49-mer complex even after nucleotides and the Glnlll roadblock protein were removed prior to crosslinking (data not shown). These data suggest that CTDa may lie near the point at which the nascent RNA exists the transcription complex, consistent with other studies showing that a is positioned at the upstream side of the initiation complex (13) . Loss of the a-RNA crosslinks when NusA was added suggests that NusA may alter the path taken by the nascent RNA or interact with a. Although we have determined that on this template a contacts begin when the crosslinker is 24 nt from the 3' end of the RNA, this is unlikely to be true of all transcription complexes. Rather, it is likely that contacts may differ for complexes in different stages of the translocation cycle. Movements of RNA and DNA in the transcription complex are not uniform (13, 26) . Thus, on a different template, the transition to a crosslinking may occur at a different position.
Over a decade ago, photocrosslinking studies revealed that 1, 13' and o-subunits all contacted the 5' end of the nascent RNA at different points during transcription (27, 28). Since then, other studies with 5' probes have been carried out, and crosslinks to the a subunit were never reported (reviewed in ref. 8) . We believe that the 5' end of the RNA may contact a but that the methods used in these studies did not allow for detection of this interaction. We have modified the crosslinking protocols, and these modifications now allow us to detect RNA interactions with proteins of any size and to carry out crosslinking in crude extracts. By treating the complexes with ribonuclease Ti and transferring the protein-RNA complexes to nitrocellulose, we can now analyze protein-RNA crosslinks without the interference of long RNAs, which comigrate with a in many gels. Although it is unclear whether the 5' end of the RNA contacts a, it is clear that CTDa does contact internal Proc. Natt Acad Sci. USA 92 (1995) positions in the RNA (Fig. 3) . The RNA which was crosslinked to the a subunit which was isolated for hydroxylamine cleavage was labeled throughout with crosslinker and radioactive label. Therefore, contacts made by any region of the RNA containing crosslinker could be mapped. Our results suggest that the RNA crosslinks only to CTDa. Similar crosslinking experiments using a polymerase lacking CTDca (truncated at aa 235) produced no RNA crosslinking to the truncated subunit containing only NTDa. Pausing and Rho-independent termination are no longer enhanced by the addition of NusA to polymerase lacking CT'Da (unpublished work).
These results suggest, but certainly do not prove, that the RNA-binding domain for polymerase may be less than the 80-100 nt suggested from the earlier work with crosslinkers placed only at the 5' end of the RNA. The RNAs made in the earlier studies with the 5' probe had the potential to form several stable RNA hairpins in the longer RNAs. If these hairpins formed, the 5' end of the RNA may have been pulled back toward the 3' end of the RNA, causing crosslinking to polymerase by longer RNAs. In the experiments described here, crosslinking of ,B or 13' and NusA is minimal with the 49-mer, where the crosslinker is 44 nt from the 3' end of the RNA (Fig. 1C) (Fig. 1, lane 20) , but only slightly by the crosslinkers between +6 and + 15 (Fig. 1, lane 16) . Elongation of the RNA to -100 nt eliminates the a-RNA crosslinks, suggesting that RNA crosslinks are not due to a nonspecific nucleic acid binding site on a. In addition, the Glnlll protein, which contacts the downstream end of the polymerase, is not crosslinked to the RNA even when the RNA is almost 200 nt long (data not shown), when the RNA could reach the front of the transcription complex.
What is the effect of other transcription factors and E. coli proteins on a and NusA interactions with the nascent RNA? Crosslinking to a occurred even in the presence of S100 extract proteins, with only seven or eight other proteins in the extract being crosslinked to the RNA (Fig. 2, lane 7) . Addition of NusA to the extract eliminated the a crosslink, with concomitant crosslinking of RNA to NusA (data not shown), just as was observed with the purified proteins. NusB, NusE, and NusG did not alter the effect of NusA on a crosslinking at any concentration tested (200 nM to 2 ,uM). When NusB, NusE, and NusG were present at the same concentration at which NusA was crosslinked (200 nM), they were not crosslinked to the RNA, even when RNA as long as 194 nt was present (Fig.  2, lane 4) . The proteins used for these experiments supported N-protein-mediated antitermination at the concentrations used (data not shown). Even when concentrations of NusB, NusE, and NusG were raised to 1 ,M, only NusA was significantly crosslinked in the 49-mer complex (Fig. 2, 
